Introduction
Liver fibrosis, regardless of its cause, is characterized by a marked accumulation of extracellular matrix material within the perisinusoidal space of Disse. Interstitial collagens (types I and III) comprise the bulk ofthe newly deposited matrix (1-3), although basement membrane (type IV) collagen and noncollagenous glycoproteins, such as laminin and fibronectin, also A portion of this work has been published in abstract form in 1989 (Hepatology [Baltimore] 10:629a contribute (4) . Numerous efforts have been made to identify the cellular sources of extracellular matrix proteins in intact liver. Immunohistochemical studies suggest that in normal liver, extracellular matrix proteins are present in both parenchymal and nonparenchymal liver cells (5) (6) (7) . After carbon tetrachloride administration, type IV collagen and laminin are localized in sinusoidal endothelial cells and lipocytes (Ito cells, fat-storing cells), whereas types I and III collagen reportedly are present in hepatocytes (8, 9) . These observations suggest that parenchymal liver cells play a central role in the production of interstitial collagen that accompanies hepatic fibrosis. In vivo labeling studies also suggest that the majority of collagen extracted from liver after carbon tetrachloride administration derives from hepatocytes (10) . Other experiments, however, have led to a different conclusion, that hepatic extracellular matrix synthesis is largely a function of mesenchymal liver cells. Experiments examining fibrotic animal and human liver by in situ hybridization demonstrate that messenger RNAs for collagen types I, III, and IV, and laminin are concentrated in perisinusoidal cells (1 l1-13) . Based on these conflicting results, debate still exists regarding which cell population is the major contributor to hepatic fibrosis.
Although immunohistochemistry and in situ hybridization are useful for examining the origin of extracellular matrix in intact tissue, they provide only qualitative information, and at the level of light microscopy cannot pinpoint the exact source of extracellular matrix protein or mRNA. These limitations can be circumvented in part by adopting a cell culture approach, which permits quantitative measurements of matrix synthesis in purified populations of liver cells. Studies in culture favor nonparenchymal cells as the primary source of extracellular matrix in liver, demonstrating that lipocytes far exceed hepatocytes in collagen synthesis on a per-cell basis (14) (15) (16) . Even these findings must be interpreted with caution, however, in view of evidence that cells in culture are susceptible to changes in collagen phenotype (17) (18) (19) ). An ideal method for defining the cellular source(s) of extracellular matrix in liver in vivo must incorporate the advantages of both approaches above, providing a means to quantitate matrix within individual liver cell populations without imposing the influence of a foreign (culture) environment. Clayton and Darnell (20) Liver cell isolation and purification. Hepatocytes were isolated from control and experimental animals by collagenase perfusion and centrifugal elutriation, as previously described ( 16, 21) . Sinusoidal endothelial cells and lipocytes were isolated by in situ perfusion with collagenase and pronase; the two cell populations were separated by density gradient centrifugation through LarexO, as described (22) . Lipocytes, which remained at the top two interfaces, were collected and washed twice in culture medium followed by centrifugation at 500 g to remove hepatocyte debris. Endothelial cells, collected from the bottom two interfaces of the gradient, were purified further by centrifugal elutriation at 2,500 rpm and a flow rate of [10] [11] [12] [13] [14] [15] [16] [17] [18] Probe preparation. cDNAs encoding rat al(I) collagen (paIRI) (24) , rat al(III) collagen (PRGR5) (Makela, J. K., and E. Vuorio, unpublished observations), mouse al(IV) collagen (pPE123) (25) , and mouse laminin B2 chain (pPE9) (26) (27) , which cross-hybridizes with rat fl-actin, was provided in SP64 by Dr. J. M. Friedman, The Rockefeller University, New York. Radiolabeled probes were generated by transcription with SP6 or T7 polymerase using [a-32P]CTP (28) . Specific activity of the transcripts was estimated at 0.5 X 109 cpm/gg.
RNase protection (29) . Total RNA was extracted from individual liver cell isolates by lysis in guanidine thiocyanate, followed by centrifugation through cesium chloride (30) . All extractions were performed immediately after cell isolation and purification. The integrity of each sample was verified by spectrophotometry (A260/A280 > 1.9) and agarose gel electrophoresis with ethidium bromide staining before use in molecular hybridization studies. 5 ug of total RNA was hybridized in solution with 0.25-0.75 X 106 cpm of 32P-labeled cRNA for 16 h. Hybridization temperature was optimized for each probe, varying between 560 and 70°C. The mixture was then treated with T2 RNase to digest unhybridized cellular RNA and probe, followed by phenol/chloroform extraction and ethanol precipitation. The remaining intact hybrids were denatured in electrophoresis buffer containing 80% formamide, and separated by electrophoresis through a 5% polyacrylamide-urea gel (21 X 40 cm). Dried gels were applied to x-ray film (Kodak X-OMat AR-5) for h. Autoradiographic signals were quantitated by scanning densitometry (Hoefer Scientific Instruments, San Francisco, CA).
Statistical analysis. All numerical data represent the mean±SEM of individual experiments performed on three separate animals. Results with P < 0.05 by Mann-Whitney U-test were considered significant.
Results
To assess the degree of hepatic fibrosis induced by bile duct ligation and carbon tetrachloride administration, livers from both normal rats and those with experimentally induced fibrosis were examined under light microscopy. As shown in Fig. 1 , bile duct-ligated animals exhibited a moderate increase in periportal connective tissue relative to normal animals. Animals exposed to three doses of carbon tetrachloride displayed a much less pronounced change in hepatic connective tissue, although central-central bridging was apparent. At these same time points, parenchymal and nonparenchymal cells were isolated for analysis of various extracellular matrix mRNAs. The purity of each cell isolate is indicated in Table I . Hepatocytes exhibited the greatest homogeneity, with < 2% contamination by lipocytes. Endothelial cells were 95% pure, containing approximately equal numbers of Kupffer cells and lipocytes. In animals with experimental fibrosis, the proportion of lipocytes in endothelial cell isolates sometimes reached 10%; this may be due to increased penetration of the density gradient by lipocytes, which release their low-density vitamin A during fibrogenesis (17, 31 Type III collagen mRNA was abundant in nonparenchymal cells from normal liver (Fig. 4 B) Type IV collagen gene expression in normal liver was dominated by endothelial cells, which contained almost 100 times as much type IV-specific mRNA as normal hepatocytes (Fig. 4  C) hepatic injury with BDL or CCL, type IV collagen gene expression remained high in both cell types; endothelial cells, however, were replaced by lipocytes as the population with the highest levels of type IV collagen mRNA. Laminin gene expression was also highest in endothelial cells from normal liver, measured at 13.1 times that in normal hepatocytes (Fig. 4 D) . Laminin mRNA in lipocytes was 5.8 times higher than in normal hepatocytes. As in the case of types III and IV collagen, laminin mRNA remained abundant in nonparenchymal cells during fibrogenesis although to different degrees in endothelial cells and lipocytes.
In order to identify the cell-specific changes that occur in extracellular matrix gene expression during hepatic fibrosis in vivo, mRNA levels for collagen types I, III, and IV, and laminin in purified cell populations from experimentally injured livers were compared to those for the corresponding cell type from normal liver (Fig. 5) (Fig. 5) . Type I collagen mRNA was significantly increased in endothelial cells following both BDL and CCL-induced injury; mRNA for type III collagen, however, was unchanged from normal cells, and that for type IV collagen and laminin actually decreased to less than 50% of normal levels. Hepatocytes were the least responsive of all three cell types to hepatic injury. Neither BDL nor CCL induced a change in steady-state mRNA levels for any ofthe matrix genes tested. No reductions in extracellular matrix gene expression were observed in hepatocytes following liver injury; it is unlikely, however, that any decrease below normal could be detected in these experiments, given the low hybridization signals in all hepatocyte samples (Figs. 2 and 3) . Beta-actin mRNA was also quantitated in each of the cell populations (Table III; Fig. 6 (Fig. 4) ably reflect the more rapid time course of fibrosis m (33, 34 (Fig. 4) suggest that extracellular matrix mRNAs are more abundant in lipocytes and endothelial cells than in hepatocytes. This is true for types III and IV collagen and laminin in normal liver, and for all the matrix genes examined during fibrogenesis. These comparisons assume that hepatocytes, sinusoidal endothelial cells, and lipocytes contain similar amounts of total cellular RNA. In the event that total RNA content is different in each cell type, our results cannot be used to interpret the relative contribution of each cell type to hepatic fibrosis on a per-cell basis. Studies are currently underway to clarify this issue. Based on RNA/DNA ratios measured in hepatocytes (40) and mesenchymal cells (41) , the total RNA content of lipocytes is estimated at 42% of that in hepatocytes.-Taking into account this difference, the increase in interstitial collagen gene expression in lipocytes still far exceeds that in hepatocytes. Thus, lipocytes, and to a lesser extent endothelial cells, appear to be the main contributors to hepatic fibrosis in vivo.
Extracellular matrix protein production was not measured in parallel with collagen gene expression in these experiments. Studies of lipocytes in culture, however, demonstrate that increases in collagen mRNA are associated with increased collagen synthesis (Maher, J. J., unpublished observations). Although it cannot be excluded that posttranscriptional events control synthesis of extracellular matrix by lipocytes in vivo, it is unlikely that their contribution to fibrosis is overshadowed by that of hepatocytes, which contain little or no matrix-specific mRNA.
It is of interest that in normal liver, both parenchymal and nonparenchymal cells contain very low levels of type I collagen mRNA. Even using a sensitive assay (RNase protection), type I collagen mRNA is difficult to identify in any of the cell types examined. This supports the concept that in normal adult liver, synthesis of type I collagen is minimally active. Both bile duct ligation and carbon tetrachloride administration alter this state. Although the mechanism whereby matrix synthesis is activated is unknown, our studies suggest that these different modes of injury elicit a similar response and thus may act through common signals. These could include humoral factors, such as cytokines elaborated by recruited macrophages or resident liver cells (42) (43) (44) , or stimuli in the form of altered cell-matrix interactions, provoked by local release of matrix-degrading proteinases during liver injury (45) . Exploration of these possibilities is currently underway, using the approach outlined here.
